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ABSTRACT: Porous alkali activated materials (AAM), can be obtained from waste glass powder and slag mix-
tures by alkali activation with NaOH solution. To obtain an adequate porous microstructure, the hardened 
AAM pastes were thermally treated at temperatures ranging between 900°C and 1000°C, for 60 or 30 minutes. 
Due to the intumescent behaviour specific for this type of materials, an important increase of the volume and 
porosity occurs during the thermal treatment. 
The partial substitution of waste glass powder with slag, determines the increase of compressive strength 
assessed before (up to 37 MPa) and after (around 10 MPa) thermal treatment; the increase of slag dosage also 
determines the increase of the activation temperature of the intumescent process (above 950°C).
The high porosity and the specific microstructure (closed pores with various shapes and sizes) of these materials 
recommend them to be utilised as thermal and acoustical insulation materials.
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RESUMEN: Materiales activados alcalinamente a base de residuos de vidrio y escoria para aislamiento térmico 
y acústico. Los materiales activados alcalinamente porosos (AAM) se pueden obtener a base de polvo de 
residuos de vidrio y mezclas de escoria mediante activación alcalina con una solución de hidróxido de sodio 
(NaOH). Para obtener una microestructura porosa adecuada, las pastas de AAM endurecidas se trataron 
térmicamente a temperaturas que oscilan entre 900°C y 1000°C durante 60 o 30 minutos. Debido al compor-
tamiento intumescente específico de este tipo de material, se produce un aumento significativo en el volumen 
y la porosidad durante el tratamiento térmico. La sustitución parcial del polvo de residuos de vidrio por esco-
ria conlleva un aumento en las resistencias a compresión previamente evaluadas (hasta 37 MPa) y después 
(aproximadamente 10 MPa) del tratamiento térmico; el aumento de la dosis de escoria también determina el 
aumento de la temperatura de activación del proceso intumescente (por encima de 950°C). La alta porosidad 
y la microestructura específica de estos materiales recomiendan que se utilicen como materiales de aisla-
miento térmico y acústico.
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1. INTRODUCTION 
Alkali activated materials, also known as geo-
polymers or inorganic-polymers, are products of the 
reaction between a solid component (powder) and 
an alkaline solution (1–3). According to Davidovits 
(1), these materials have a three-dimensional alumi-
nate-silicate network, in which the tetrahedrons of 
[SiO4]
4− and [AlO4]
5− are connected and the electri-
cal charge is balanced by the alkali cations.
The most common precursors used in the synthe-
sis of alkali activated materials (AAM) are metaka-
olinite, slag and fly ash, but other waste such as 
ceramic tiles, red mud, rice husk ash, glass cullet 
and cathode ray tube glass can also be used as solid 
components (1–9). 
AAM/geopolymer foams represent a new domain 
in research with high potential in producing thermal 
insulations (2, 10–15). The cellular structure specific 
for these materials can be achieved using foaming 
agents such as: hydrogen peroxide, sodium borates, 
metallic powders (Zn or Al), surfactants, carbonates 
or sodium silicate (10–16).
Our previous research focused on the synthesis of 
geopolymer foams based on waste glass (culet) with 
red mud slurry (waste resulted in bauxite process-
ing industry) or fly ash (waste resulted in electrical 
power plants) additions (14). The results we obtained 
underlined the possibility of producing AAM /geo-
polymers by alkaline activation of silica-soda-lime 
waste glass (alone or with the above mentioned 
additions) with NaOH solution and thermal treat-
ment at 60°C. The main compounds formed by the 
alkaline activation of these solid precursors are 
sodium silicate (aluminate) hydrates (7,14); these 
compounds, generated in situ, act as foaming agents 
during thermal treatment at temperatures ranging 
between 600–900°C (14). An important increase of 
the specimen’s volume (and porosity) was achieved 
during the thermal treatment proving that these 
materials have an intumescent behaviour. The spe-
cific microstructure of thermally treated AAMs, 
based on waste glass powder with red mud or fly 
ash additions, i.e. closed pores with sizes ranging 
between 1–100 μm recommend them for the manu-
facturing of inorganic insulation materials. 
It is well established that porous materials are 
good thermal and acoustical insulators. The ther-
mal conductivity of porous geopolymers prepared 
by various processing methods (direct foaming, 
additive manufacturing or sacrificial filler method) 
is strongly influenced by the amount of open 
and  closed pores, and can vary from 0.03 up to 
0.88 W/m.K (17).
Whilst thermal properties have been widely stud-
ied, hardly any papers assess the sound absorption 
of geopolymer foams. The sound absorption coef-
ficient of geopolymer foams based on fly ash and 
slag (18) or fly ash-geopolymeric concrete with 
construction and demolition waste as aggregate (19) 
can reach values raging between 0.6 and 1 in low 
frequency region (40–1000Hz); the sound absorp-
tion coefficient for these materials depends on sev-
eral factors such as precursors nature, pore structure 
(open-closed) and distribution (17,18) and thickness 
of the specimen tested (17–19). 
Research aiming to highlight waste glass as an 
alternative source for the traditional alkali activa-
tors based on alkali silicates was also carried out 
(20, 21); small amounts of waste glass powder were 
dissolved in NaOH/Na2CO3 solutions and used to 
prepared alkali activated materials based on slag 
(AAS) (20). The pastes mentioned above have a 
similar microstructure and strength as the alkali 
activated slag prepared with conventional sodium 
silicates solutions. 
In this context, our study focuses on a different 
property of AAM based on waste glass powder 
with/without slag addition i.e. its ability to generate 
foams during thermal treatment; the main objec-
tive was to obtain thermal and acoustic insulation 
materials based on this type of AAM i.e. to establish 
the AAM compositions which subjected to thermal 
treatment (various temperatures and plateaus) can 
develop an adequate microstructure specific for a 
good thermal/acoustical insulation material. Beside 
the eco-friendly feature (waste recycling) a further 
important feature of these materials is their resis-
tance to fire (non-combustible) due to the complete 
absence of organic components in their formula. 
2. MATERIALS AND METHODS
The materials used for the synthesis of the alkali 
activated materials were: 
 - waste soda-lime-silica glass from a recycling 
facility; the waste glass (cullet) was grinded in 
a ball mill up to a fineness corresponding to a 
Blaine specific area of 2805 cm2/g; the median 
diameter (D50) assessed by laser granulom-
etry is 8.6 microns; the oxide composition 
of waste glass powder, assessed according to 
Romanian norms 5771-1-11-89 is: SiO2 (68.5%), 
CaO (10.3%), Al2O3 (2.7%), Fe2O3 (2.5%), 
MgO (2.03%) and alkalis - Na2O = 12.9% and 
K2O=0.78 %. The density assessed with helium 
pycnometer is 2.5 g/cm3. 
 - slag from a metallurgical plant; this industrial 
waste was also ground up to a fineness corre-
sponding to a Blaine specific area of 3300 cm2/g; 
the median diameter (D50) is 16.1 microns; the 
mineralogical components of slag, assessed by 
X ray diffraction (XRD), are: quartz - SiO2, 
gehlenite - Ca2Al(AlSiO7) and calcium silicate - 
Ca2SiO4. The density of slag is 2.83 g/cm
3.
 - the alkaline activator was sodium hydroxide 
(chemical reagent).
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The compositions of the alkali activated materi-
als studied, are presented in Table 1. Slag substitutes 
various amounts of waste glass powder i.e. 5% wt., 
10% wt. and 20% wt.
In order to increase the workability of fresh 
paste, for the compositions G3 and G3Z20, the water 
amount was supplemented up to a water to solid 
ratio of 0.35.
NaOH pellets were dissolved in water and the 
solution was mixed with the solid component 
i.e. waste glass powder with/without slag addi-
tion. The resulting pastes were cast in rectangular 
moulds (15×15×60 mm) and cured at 60°C for 24h. 
The specimens were demoulded and cured in air 
at ambient temperature (20±2°C) for 7 days. The 
compressive strengths were assessed on paste speci-
mens, using a Tonitech machine and the final value 
is calculated as the average of  at least four strength 
values assessed on specimens cured in the same 
conditions.
The hardened specimens were thermally treated 
at temperatures ranging between 900°C and 
1000°C, for 60 or 30 minutes; the heating rate 
(up to the maximum temperature of  900°C, 950°C 
and 1000°C) was 10°C/minute. For G3 and G3Z20 
the thermal treatment temperatures and plateau 
were selected based on the results obtained for the 
G2 series. 
SEM and EDX analyses were performed on 
paste specimens (fracture surfaces) coated with Ag, 
using a HITACHI S 2600 N microscope. 
The XRD analysis of  slag was performed on a 
Shimadzu XRD 6000 diffractometer. The XRD 
patterns were obtained using a monochromatic 
CuKα radiation (λ = 1.5406 Å), range 2θ from 5 to 
50 degrees.
The apparent density (ρa) and open porosity (Po) 
were assessed on the thermally treated specimens 
employing the immersion method, using as  liquid 
medium xylene (ρxylene = 0.86 g/cm
3) (22). The den-
sity (ρ) was assessed with a helium pycnometer. 
Total porosity (Pt) was calculated with the following 
formula [1] (23):
 Pt = (1-ρa/ρ)·100 (%) [1]
The mass change of  specimens after the ther-
mal treatment was calculated with the following 
formula [2]: 
 ∆m = [(ma - mb)/mb]·100 (%) [2]
where: mb = mass before thermal treatment; ma = 
mass after thermal treatment.
Short term water absorption by partial immer-
sion of specimen, was determined on selected com-
positions i.e. G3 and G3Z20; the test specimens i.e. 
cuboids (50 × 50 × 30 mm) were kept before testing 
for at least 6 hours at 23±5°C.
Short term water absorption by partial immer-
sion, (Wp) was calculated according to EN 1609 (24) 
with the following formula [3]:
 Wp = (m24 – m0) / Ap (kg/m
2) [3]
where: m0 = initial mass of the test specimen (kg); 
m24 = mass of the test specimen after partial immer-
sion in water for 24 hours (kg); Ap= bottom surface 
area of the test specimen (m2). 
The coefficient of thermal expansion was assessed 
with a dilatometer DIL 402 Netzch. The analysis 
was performed on specimens with 15.6±0.3  mm 
lengths, in the temperature range 20–600°C with a 
heating rate of 3K/min. 
Thermal conductivity was assessed using a 
thermal conductivity analyzer, HESTO - Lambda- 
CONTOL A90, in accordance with EN 12667 (25). 
The test specimens were boards (300×300×30 mm); 
the specimens were kept before the test for at least 
6 hours at 23 ± 5°C.
The compressive strength at 10% deformation 
was assessed on a testing machine (Tinius Olsen); 
test specimens – boards (100×100×30 mm), were 
kept before the test for at least 6 hours at 23 ± 5°C, 
in accordance with EN 826 (26).
The determination of the acoustic absorption 
coefficient (α) was achieved by the Kundt tube 
method according to EN ISO 10534-1: 2002 (27) 
and EN ISO 10534-2: 2005 (28) on discs with a 
nominal diameter of 63.5 mm and a thickness of 15 
mm at a temperature of 26°C and a relative humid-
ity of 58%. 
The test specimens used for the assessment of 
short term water absorption by partial immersion, 
thermal conductivity, compressive strength at 10% 
deformation and acoustic absorption coefficient 
were cut from the thermally treated specimens.
3. RESULTS AND DISCUSSIONS
The influence of the water to solid ratio and slag 
dosage on the compressive strengths values is pre-
sented in Figure 1. For all the compositions studied, 
Table 1. Compositions (%wt) of studied  
alkali activated materials
Specimen Waste glass Slag NaOH Water/solid Ratio
G2 93.3 - 6.7 0.27
G2Z5 88.8 4.5 6.7 0.27
G2Z10 84.3 9 6.7 0.27
G2Z20 75.3 18 6.7 0.27
G3 93.3 - 6.7 0.35
G3Z20 75.3 9 6.7 0.35
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the values of compressive strengths (before thermal 
treatment) are high (over 25 MPa); the increase of 
slag amount determines the increase of compres-
sive strength for the specimens prepared with a 
lower amount of water (water to solid ratio = 0.27). 
This can be explained by the formation of calcium 
 aluminate silicate hydrates (C-A-S-H) resulted in 
the activation of slag hydration process in alkaline 
solution (29). 
The thermal treatment of these specimens deter-
mines important volume and porosity value increases 
(intumescent behaviour). As it can be seen from 
Table 2, a higher volume increase is recorded for the 
alkali activated materials without slag (G2 and G3) 
when the thermal treatment is performed at 900°C 
for 60 minutes. The increase of water to solid ratio 
from 0.27 (G2) to 0.35 (G3) determines the appari-
tion of deep cracks in the specimen, most probably 
caused by the moisture loss during the rapid heating 
of the specimens in the oven.
The increase of  slag dosage determines the 
increase of  the activation temperature for the intu-
mescent effect i.e. the highest volume increase was 
recorded at 950°C for the AAMs with 5%wt. and 
10%wt. slag and at 1000°C for those with 20%wt. 
slag (G2Z20). This can be due to the presence in 
the slag of  crystalline compounds, such as quartz 
and gehlenite, with high melting points (above 
1590°C) (30).
The influence of thermal treatment on the 
 compressive strengths of alkali activated materials 
is presented in Figure 2. As expected, the increase of 
specimens’ volume and porosity (see  Tables 2 
and 3) determines the decrease of the compressive 
strength. However, it is interesting to note the high 
values achieved for G2 and G2Z10 compositions 
(around 10 MPa) after the thermal treatment at 
900°C/60 minutes.
The influence of thermal treatment on the mass 
changes, apparent density, open and total porosities 
porosity of the alkali activated materials is presented 
in Table 3. One can notice an important decrease of 
the apparent density after the thermal treatment, due 
to an important increase of the volume in conjunc-
tion with mass loss (∆m) – 16–18%. The mass loss 
(table 3) and volume increase (Table 2) explain the 
important decrease of apparent density of thermally 
treated specimens from 2.03–2.20 g/cm3 (before ther-
mal treatment) to values around 1 g/cm3 and even 
smaller (below 0.86 g/cm3 for the specimen G3 ther-
mally treated at 900°C for 60 minutes – Table 3).
The thermal treatment also determines an 
increase of open and total porosity of these materi-
als; the important gap between the open and total 
porosity values it is due to the specific microstructure 
of this type of materials i.e. closed pores with various 
sizes and shapes (see Figs. 3 and 4); additionally, the 
thermal treatment determines a “self-glazing effect”, 
further reducing the open pores (see also Table 2).
The microstructure of G3 specimen, before and 
after thermal treatment at 900°C, for 60 minutes is 
presented in Figure 3.
In the SEM micrograph of G3 specimen, before 
thermal treatment (Figure 3a,c), the binding matrix 
resulted in the reaction of NaOH solution with 
waste glass powder, can be assessed (7). One can 
notice the presence of round closed pores (Figure 
3a). These pores are most probably determined by 
the air entrapped during the mixing of the solid 
component (powder glass) with NaOH solution. 
On the SEM micrograph of  G3, after the ther-
mal treatment, a large number of  pores with vari-
ous forms and sizes are present; these pores are 
formed during the water loss and transformation 
of  sodium silicate (aluminate) hydrates result-
ing from the reaction of  waste glass powder and 
NaOH solution (7, 14).
On the SEM micrographs of the specimen with 20% 
slag (G3Z20), before thermal treatment (Figure  4a), 
one can also assess the round pores formed by 
Figure 1. Influence of slag amount and water to solid ratio on the compressive strength.
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entrapped air during mixing of the solid component 
with the sodium solution. After the thermal treat-
ment, on the micrograph presented in Figure 4b, the 
presence of large pores and small round pores can be 
noticed (see arrows) in the walls of these large pores.
The high porosity and the specific microstructure 
(closed pores with various shapes and sizes) of these 
AAMs recommend them to be utilized as insulation 
materials. 
In Table 4 we present the values of some of 
the properties specific for insulating materials 
assessed in accordance with European norms (EN) 
for the composition G3 and G3Z20 thermally treated 
at 900°C for 60 minutes.
The thermal conductivity assessed for these 
AAMs are comparable with the values assessed 
on  thermal insulation based on cellular glass i.e. 
0.05 – 0.08 (W/m·K). 
The values of compressive strengths at 10% defor-
mation of alkali activated materials (G3 and G3Z20) 
are smaller compared with those specific for other 
types of commercial insulating materials such as 
extruded (150–700 kPa) and expanded polystyrene 
(70–260 kPa) (31) or mineral wool (2.4–104  kPa) 
(32, 33), because AAMs are brittle materials. 
Nevertheless, these values are higher in comparison 
with those assessed for glass wool (0.21–16.6 kPa) 
(32, 33). 
Table 2. Visual aspect of  alkali activated materials before/after thermal  
treatment at temperatures ranging between 900° and 1000°C 
Sample 
code
Water to 
solid ratio Before thermal treatment 900°C/60 min 950°C/30 min 1000°C/60 min
G2 0.27
G2Z5 0.27
G2Z10 0.27
lateral
G2Z20 0.27
G3 0.35
G3Z20 0.35
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The water absorption by partial immersion after 
a short time for G3 slightly exceeds the limit value of 
1 kg/m2.. The higher value assessed on G3Z20 speci-
men can be due to the presence of bigger pores/
cracks (see also Table 2) which appeared during the 
thermal treatment. 
The values of thermal expansion coefficients for 
G3 and G3Z20 are similar to values specific for cellu-
lar glass (8 ÷10 × 10−6 K−1(34)). This demonstrates 
a good thermal stability of these compositions and 
recommends them (along with the thermal conduc-
tivity values) to be used as thermal insulating mate-
rials. Furthermore, because these AAMs do not 
contain organic phases, they can be classified as fire 
resistant materials - Euroclass A1 (34).
The sound absorption coefficient (α) defined as 
the ratio of the sound intensity absorbed by the mate-
rial and the intensity of incident sound, should have 
high values for efficient sound  absorbing materials. 
The behaviour of sound absorption coefficient vs. 
Figure 2. Influence of thermal treatment at 900°C/1 h on the compressive strength of AAMs.
Table 3. Apparent density, open and total porosities and mass loss of studied alkali activated materials
Comp.
Temperature 
(°C)
Time 
(min)
Mass loss 
(Δm) (%)
Apparent density  
(ρa) (g/cm
3)
Open porosity 
(Po) (%)
Total porosity 
(Pt) (%)
G2 Initial - 2.2 7.13 -
900 60 -18.08 - 15.17 68.12
G2Z5 Initial - 2.09 1.25 4.70
900 60 -18.01 1.07 11.3 55.83
950 30 -16.82 0.97 10.44 58.61
G2Z10 Initial - 2.08 2.34 5.89
900 60 -18.07 1.25 12.72 55.83
950 30 -17.10 1.03 9.45 58.87
G2Z20 Initial - 2.03 3.44 9.86
950 30 -16.32 0.99 14.73 59.96
1000 60 -16.95 1.02 13.59 58.92
G3 Initial - 2.12 1.82 3.07
900 60 -16.77 <0.86* - -
G3Z20 Initial - 2.05 3.24 7.61
900 60 -17.46 1.17 16.55 51.65
950 30 -16.60 1.01 16.89 58.37
* specimen floats on xylene
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the frequency of incident sound for these materials is 
presented in Figure 5. As it can be observed, the best 
acoustic performance of these materials is achieved 
at frequencies ranging between 1200–1600Hz; the 
maximum absorption coefficient recorded for G3 is 
0.98 and for G3Z20 is 1 (Figure 5).
The good acoustic properties of  these materi-
als (in the frequencies range 1200–1600Hz) are 
explained by their high porosity (see table 3). 
It  should also be noticed that specimens used 
for  this analysis were obtained by cutting from 
the thermally treated specimens, i.e. removing the 
superficial vitreous layer (resulted due to “self  
glazing effect”); this processing increases the sur-
face of  specimens in contact with the sound wave 
(due to the high number of  pores exposed at the 
surface) which is an important factor in the sound 
mitigation (35, 36). 
4. CONCLUSIONS
Alkali activated materials (AAM) with intumes-
cent properties were obtained using waste glass pow-
der and NaOH solution. In some compositions slag 
Figure 3. SEM micrographs of G3 specimen before (a, c) and after thermal treatment (900°C/60 min.) (b, d).
a
c d
b
Table 4. Properties of alkali activated materials after thermal treatment at 900°C for 60 minutes
Property (U.M) EN norm G3 G3Z20
Thermal conductivity (W/m·K) EN 12667 0.0748 0.0788
Compressive strength at 10% deformation (kPa) EN 826 32.94 59.85
Short term water absorption by partial immersion (kg/m2) EN 1609 1.53 3.25
Coefficient of thermal expansion 20–300°C (10−6.K−1) - 11.04 9.77
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a
c d
b
Figure 4. SEM micrographs of G3Z20 specimen before (a, c) and after thermal treatment (900°C/60 min.) (b, d).
Figure 5. Sound absorption coefficient vs. sound frequency: a) G3 and b) G3Z20.
a b
was added in various amounts (5%wt. up to 20%wt. 
as glass powder substitute).
The values of compressive strengths, prior to 
thermal treatment, are over 25 MPa for all the 
AAMs studied. The increase in slag amount deter-
mines the increase in compressive strength for the 
specimens prepared with a lower amount of water 
(w/s=0.27). 
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The thermal treatment determines an important 
swelling of  specimens (intumescent behaviour). 
As expected, due to the important increase in the 
porosity, the compressive strength decreases; how-
ever, for some compositions (G2 and G2Z10), the 
values of  compressive strengths remain quite high 
(around 10 MPa). 
The thermally treated specimens have a self-
glazing effect (thus a low open porosity) and their 
microstructure consist in closed pores with various 
sizes and shapes. These pores are the result of water 
loss and transformation of sodium/calcium silicate 
(aluminate) hydrates derived from the reaction of 
glass powder/slag with NaOH solution. 
The values of thermal conductivity of AAMs 
(G3 and G3Z20), thermally treated at 900°C with a 
60 minutes plateau, are comparable with the values 
assessed on thermal insulation based on cellular 
glass. The AAMs studied also have thermal expan-
sion coefficients comparable with those specific for 
cellular glass, demonstrating a good thermal stabil-
ity, an important feature (along with thermal con-
ductivity) if  these materials are used for the purpose 
of thermal insulation.
The best acoustic performances of  such mate-
rials are achieved at frequencies ranging between 
1200–1500Hz; the maximum absorption coefficient 
recorded for G3 is 0.98 and for G3Z20 is 1.
Additionally, due to the fact the AAMs studied 
do not contain organic phases, these materials can 
be classified as fire resistant - Euroclass A1. 
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